Preferential oxidation (PROX) of carbon monoxide in excess hydrogen has been studied on low Pt loading (0.5-1 wt%) catalysts supported on a series of FSM-type mesoporous silica materials. A support effect has been observed, in which the catalytic activities are closely related with the pore diameter of the support, despite their similar specific surface areas. Pt nanoparticles supported on mesoporous silica with 4.0 nm pore diameter possess the highest CO conversion over a wide range of reaction temperature, i.e. ca. 100% CO conversion in 298-423 K. As a comparison, the Pt particles in small pore supports (1.8 nm) exhibit poor performance under the same reaction conditions, which is barely comparable to the Pt catalysts on amorphous silica. The discrepancy in the mesoporous silica is proposed to be related with the different activities of surface silanols in various supports.
Introduction
Hydrogen-driven polymer electrolyte fuel cells (PEFCs) are recognized as one of the promising power sources for electric vehicles and residential cogeneration systems [1] .
Currently, hydrogen produced from the reformation of hydrocarbon or alcohols contains 0.5-1 vol% CO after the water-gas shift (WGS) reaction [2, 3] . Since Pt-based anodes are extremely susceptible to the poisoning by CO at the operation temperature (~353 K) of PEFCs [1, 4, 5] , the process of CO elimination is necessary for the production of hydrogen fuel. For this purpose, preferential oxidation of CO (PROX) in excess H 2 is performed to decrease the CO concentration to the ppm level. Supported metal catalysts of Pt, Ru, Au and bimetallic systems are extensively investigated due to their high catalytic performances. Despite the achievements in the mechanistic investigations [6] [7] [8] , most of the reported catalysts do not match the requirements for the catalytic performance, or can be active only in the temperature range higher than the operation temperature of PEFCs [9, 10] . As a result, an additional cooling process is needed before the introduction of H 2 into PEFCs. Many attempts have been made to improve the catalytic activity at lower temperature. It was reported that Pt-Fe/mordenite showed complete removal of CO over 373 K [11, 12] . Pt-Co/YSZ was also reported to give high CO conversion at 383-420 K [13] . Ru-Pt core-shell nanoparticles on alumina exhibited high CO conversion, but the catalytic reactions were tested at low CO concentration with excess O 2 (CO 0.1 vol%, O 2 /CO ratio 5) [14] . As seen in these reports, high CO conversion has only been obtained at a temperature higher than 373 K or with an O 2 /CO ratio of 1 and above. Hence, there still remains a challenge of catalyst design for high activity and selectivity at the stoichiometric O 2 /CO ratio (1/2) and at low temperatures below 373 K. Previously, we reported that Pt nanoparticles on mesoporous silica FSM-16 (Pt 5 wt%) display extremely high CO conversion and selectivity at 323-423 K [15] , but lowering the Pt loading has also been a task for the future practical application of this catalyst system.
Since the promotional effect was observed on FSM-16 and MCM-41 [15] , we are also interested in the phenomena over other mesoporous silica supports. Firstly, a series of FSM-type mesoporous silica materials, with similar specific surface areas but different pore diameters, have been studied in the PROX reaction. A distinct support effect on the activity can be observed. With low levels of 0.5-1 wt% loading, Pt/FSM-22 (4.0 nm pore diameter) catalyst exhibits ca. 100% activity in the wide range of 298-423 K, and also 100% selectivity under the optimized conditions. In contrast, the Pt/FSM-10 (1.8 nm pore diameter) catalyst with the same Pt loading possesses poor catalytic performance, which is barely comparable to that of Pt species on amorphous silica. Such results further reveal the promotional effect of a suitable support (mesoporous silica with 4.0 nm pore) in lowering the Pt loading. The different support effect is proposed to be related with the different assembly and reactivity of surface silanols in mesoporous silica.
Experimental
Synthesis of FSM-type mesoporous silica: FSM-type mesoporous silicas with different pore diameters were synthesized according to the literature [16] . A calculated amount of kanemite was dissolved in the required amount of hot deionized water. The resultant solution was kept at 347 K, and to this solution was added an alkyltrimethylalmmonium chloride [(C n H 2n+1 )(CH 3 balance with desirable flow rate) was fed to the reactor. Reactions with CO 2 (15 vol%) and water vapor (0.9 or 2 vol%, saturated at 278 or 293 K) were also performed by adjusting the flow rate of H 2 . After reaching the steady state in ca. 1 h, the outlet gas was analyzed by on-line gas chromatography for the separation of H 2 , O 2 , N 2 and CO using a Shimadzu GC 8A (thermal conductivity detector (TCD), a molecular sieve 13X (4 m) column, column temperature 323-453 K (16 Kmin -1 )) or using an Agilent Micro GC M200 (TCD, a molecular sieve 5A (10 m) + PopaPLOT U (3 m) column, column temperature 353 K). The detection limit of CO was ca. 10 ppm in our analysis. The CO conversion ( CO ) and the CO selectivity (S CO ) are calculated as follows:
where [CO] or [O 2 ] is the concentration of CO or O 2 in the flow gas.
Results and Discussion

Characterization of catalysts
The catalysts were characterized by physicochemical methods. The structural parameters are summarized in Table 1 . Figure 1 shows XRD patterns of catalysts.
Consistent with the reported studies on bare supports [16] , the main (100) peak at the low 2θ angles shifts to lower diffraction angles from Pt/FSM-10(1.8) to Pt/FSM-22(4.0) as shown in Fig.1 (a) . In addition, the quality of the sample also increases with the length of the alkyl chain in surfactant, which is also accompanied by the presence of distinct (110) and (200) reflections. This corresponds to the variation of bare support and indicates that the mesoporous structure remains unchanged after the incorporation of Pt species. As shown in Fig. 2 (a) , all samples exhibit a step on the isotherm. The position of the step shifts from P/P 0 ≈ 0.1 to P/P 0 ≈ 0.5 with the increasing surfactant chain length. For FSM-22(4.0) and Pt/FSM-22(4.0), the capillary condensation occurs at P/P 0 ≈ 0.5 with almost vertical curves, indicating high homogeneity of the pore size and no plugging of the pore by Pt. Accordingly, the pore size distribution (Fig. 2 (b) ) gives similar narrow peaks centered at 4.0 nm for FSM-22(4.0) and Pt/FSM-22(4.0). Despite the differences in XRD patterns and pore size distributions, the specific surface areas of these samples are quite close to each around at ~ 1000 m 2 /g. The above XRD and N 2 adsorption characterization results in Table 1 , Fig. 1 and Fig. 2 agree well with the reported results [16] .
The diffraction peaks at 40° and 46° in Fig. 1 However, the estimation of Pt particles size based on XRD patterns is not applicable because of the low signal-to-noise ratio of the peaks at such low Pt loading. Figure 3 shows typical TEM images for the supported Pt catalysts. Ordered channels of mesoporous support and highly dispersed Pt particles are observed for the 1wt% Pt/FSM-16(2.7) and 1 wt% Pt/FSM-22(4.0). The mean diameter of the observed Pt particles is 3.5 nm for 1 wt% Pt/FSM-22(4.0), suggesting that the Pt particles are located inside the pore. If one assumes spherical particles with fcc structure [18] , the dispersion should be 32% for the 3.5 nm Pt particles, while the observed dispersion is 22-29% (Table 1) . From these data, we estimate that 70-80% of the surface of Pt particles is exposed to the gas phase for this sample. This also suggests almost no plugging of the pores by the Pt Due to the superior performance of FSM-22(4.0) and FSM-16(2.7) (Fig. 4) , these two supports were studied with lower Pt loading of 0.5 wt% in this reaction. As shown in The CO conversion is ca. 100% at 298-423 K over this catalyst ( Fig. 7 (a) ), and such high activity remains for 27 h at 353 K (Fig. 7 (b) ). The catalytic results in Fig.5, Fig.6 and 
Catalytic results
Discussion
In the preceding work, researchers have found that the typical mesoporous silica of FSM-16(2.7) exhibits a unique promotional effect for the PROX reaction [15] . The differences between usual amorphous silica and FSM-16(2.7) were revealed by isotopetracer characterizations, in which the oxygen atoms in surface silanols have been found to be incorporated to the CO 2 product. This demonstrates the catalytic role of surface silanols in this oxidative reaction. In this work, the difference among the mesoporous silicas (FSM-type) is further observed. As shown in Fig. 4 , with the same Pt loading and similar specific surface areas, distinctly different activities as the function of pore diameter can be observed. Especially for 1 wt% Pt/FSM-10(1.8), its activity is just close to 1 wt% Pt/SiO 2 , despite its high specific surface area and distinctly higher Pt particle dispersion. In contrast, the FSM-22(4.0) shows much higher promotional effect than the typical FSM-16(2.7). Results show that the numbers of surface silanols decrease with the larger pore on the FSM-n series-type mesoporous silica [19, 20] . From these results, we can conclude that such promotional effect is not a universal phenomenon for the mesoporous silica, and that the discrepancy in activity cannot be explained in term of difference in the number of surface silanols.
The dependence of catalytic activity on pore size has been observed over MCM-41
for the acetalization of cyclohexanone with methanol, in which an assembly of surface silanols has been proposed to work as the most active groups for the reaction [21] . On the other hand, there are indications of a heterogeneous distribution of silanol groups on the surface of MCM-41 [22] . The pore size effect of Pt/FSM-n(x) can be understood from the viewpoint of the state of surface silanols. The FSM-n type mesoporous silica with narrower pores has a larger number of hydrogen-bonded SiOH groups [19, 20] . Such hydrogen-bonded Si-OH groups can form the stable six-member rings [23] , which may hinder the reaction between silanols and adsorbed CO. 
Conclusions
In summary, support effects of various FSM-n mesoporous silica can be observed even with the same Pt loading and similar specific surface areas. Pt/FSM-22(4.0)
catalysts can proceed the PROX reaction with distinctly superior catalytic performance, i.e. ca. 100% activity and 100% selectivity under certain conditions.As a sharp contrast, Pt over support with smaller pores gives lower activity; especially, Pt/FSM-10(1. 
